14 C]palmitate radiolabeling studies of a GlpQ-alkaline phosphatase fusion expressed in Escherichia coli confirmed the prediction from DNA sequencing that the protein is lipid modified. Studies using Triton X-114 phase partitioning revealed that the protein's amphiphilicity is due to lipid modification and that a substantial portion of the polypeptide is associated with the T. pallidum peptidoglycan sacculus. Three different approaches, i.e., (i) proteinase K treatment of intact treponemes, (ii) indirect immunofluorescence analysis of treponemes encapsulated in agarose beads, and (iii) opsonophagocytosis of treponemes incubated with antiserum against recombinant GlpQ by rabbit peritoneal macrophages, confirmed that GlpQ is entirely subsurface in T. pallidum. Moreover, rabbits hyperimmunized with GlpQ were not protected against intradermal challenge with virulent treponemes. Circular dichroism spectroscopy confirmed that the recombinant form of the polypeptide lacked discernible evidence of denaturation. Finally, GlpQ was not radiolabeled when T. pallidum outer membranes were incubated with 3-(trifluoromethyl)-3-(m-[ 125 I]iodophenyl)-diazarene, a photoactivatable, lipophilic probe which promiscuously labels both proteins and lipids within phospholipid bilayers. Taken as a whole, these studies indicate that the T. pallidum GlpQ ortholog is a periplasmic protein associated predominantly with the spirochete's peptidoglycan-cytoplasmic membrane complex.
Syphilis, a sexually transmitted disease caused by the spirochetal pathogen Treponema pallidum subsp. pallidum, begins as an ulcer (chancre) at the site of inoculation (usually in the genital area) and, when untreated, may progress through secondary (disseminated), latent, and tertiary (recrudescent) stages (61) . Despite the availability of effective antimicrobial therapy since the 1940s, syphilis remains a global public health problem (40, 44) . Most recently, genital ulcers caused by syphilis have been shown to facilitate the sexual transmission of human immunodeficiency virus (24, 63) . These epidemiological trends underscore the importance of vaccine development as a cornerstone of strategies to curtail syphilis transmission. Unfortunately, the identification of vaccine candidates has been impeded by a number of factors, most notably the inability to cultivate T. pallidum on artificial medium and the syphilis spirochete's unusual outer membrane ultrastructure (50) .
In recent years, the quest for outer membrane (OM) proteins of T. pallidum as potential virulence determinants and vaccine candidates has become a major focus of syphilis research (50) . In this regard, we recently reported that OMs isolated from T. pallidum by using a plasmolysis-based procedure contain a 38.5-kDa putative lipoprotein with sequence relatedness to glycerophosphodiester phosphodiesterase (GlpQ) (56) , an enzyme which hydrolyzes deacylated phospholipids to alcohol plus glycerol-3-phosphate (37, 39) . Although GlpQ is periplasmic in Escherichia coli (37) , the Haemophilus influenzae ortholog is surface exposed and capable of inducing bactericidal antibodies (29, 55) . Consistent with this, Stebeck and coworkers reported that the treponemal ortholog is a potential opsonic target for motile T. pallidum (60) . These findings prompted a detailed investigation of the physicochemical properties and cellular location of this protein. Here we report that, as with GlpQ of H. influenzae, the T. pallidum GlpQ protein is lipid modified but that, unlike its H. influenzae counterpart, the treponemal polypeptide has a subsurface location. Similar to other treponemal lipoprotein immunogens, GlpQ appears to be associated predominantly with the peptidoglycan-cytoplasmic membrane (CM) complex. Moreover, contrary to the recent report by Cameron et al. (16) demonstrating attenuated lesion development when GlpQ-immunized rabbits were intradermally inoculated with virulent T. pallidum, we did not observe any evidence of protective immunity in GlpQ-hyperimmunized rabbits. These results are consistent with the antigen's lack of surface exposure and suggest that GlpQ will play a limited role in the development of a syphilis vaccine. DH5␣ was the recipient strain for all recombinant constructs and was grown in Luria-Bertani broth with appropriate antibiotic supplementation.
Production and purification of a recombinant, nonlipidated GlpQ (rGlpQ). The portion of the glpQ gene encoding the mature (i.e., processed) protein was PCR amplified from T. pallidum genomic DNA by using the forward and reverse primers 5Ј-GCGGGATCCTGTGCGTCCGAACGTATGATAGTTG-3Ј (BamHI site plus nucleotides 61 to 85) and 5Ј-GCGGAATTCTCAATAGC GGGCGGGTTTGCCC-3Ј (complementary to nucleotides 1049 to 1071 plus EcoRI site), respectively (56) . The amplified product was cloned into pProEXHTb (Gibco BRL, Gaithersburg, Md.) to generate a polyhistidine (His)-tagged fusion protein. The IPTG (isopropyl-␤-D-thiogalactopyranoside)-inducible fusion protein (designated rGlpQ-His) was purified from E. coli cell supernatant on an Ni-nitrilotriacetic acid agarose matrix (Qiagen, Inc., Santa Clarita, Calif.) according to the manufacturer's instructions. The His tag was removed by digestion with recombinant tobacco etch virus protease (Gibco BRL) as described by the manufacturer.
Immunologic reagents. Immune rabbit sera (IRS) were obtained approximately 10 months following intratesticular inoculation of rabbits with motile T. pallidum. Normal rabbit serum (NRS) was obtained from animals that were nonreactive in Venereal Disease Research Laboratory and fluorescent treponemal antibody tests and was filter sterilized. A pool of normal human sera was created by combining equal volumes of sera from five healthy adult volunteers. A pool of human syphilitic sera (HSS) was created by combining sera from five human immunodeficiency virus-seronegative individuals with classical dermatological manifestations of secondary syphilis and reactive nontreponemal and treponemal serological tests.
Rat anti-rGlpQ antiserum was generated by priming 6-week-old SpragueDawley rats by intraperitoneal injection with 30 g of purified, cleaved protein in a 1:1 mixture of phosphate-buffered saline (PBS) (pH 7.4) and complete Freund's adjuvant; 1 month and 6 weeks later, the animals received 15-g booster doses in a 1:1 mixture of PBS and incomplete Freund's adjuvant. Rabbit anti-rGlpQ antisera were generated by immunizing adult New Zealand White rabbits subcutaneously with 100 g of protein in a 1:1 mixture of PBS and complete Freund's adjuvant; 1 month and 6 weeks later, the animals were boosted with 50 g of protein in incomplete Freund's adjuvant. A murine monoclonal antibody specific for E. coli alkaline phosphatase (PhoA) was obtained from Caltag Laboratories (Burlingame, Calif.). Rabbit antisera directed against T. pallidum endoflagella (TpEf) (34) and native 47-kDa lipoprotein (Tp47) (22) were described previously.
To affinity purify anti-GlpQ antibodies from IRS, 80 g of rGlpQ was coupled to 100 l of 1,1Ј-carbonyldiimidazole-activated 6% cross-linked beaded agarose (Reacti-Gel 6ϫ; Pierce, Rockford, Ill.) according to the manufacturer's instructions. The Reacti-Gel matrix was equilibrated with 250 mM Tris (pH 7.4) and incubated for 2 h at 4°C with 250 l of IRS. The adsorbed anti-GlpQ antibodies were eluted from the matrix in 200-l fractions with 0.5 M acetic acid and neutralized with 100 l of 1 M Tris base. Both the anti-GlpQ and the resulting IRS depleted of anti-GlpQ antibodies were tested by Western blot analysis for their ability to recognize the native GlpQ (nGlpQ) protein in T. pallidum lysates as described above. To quantitatively remove immunoglobulin G (IgG) antibodies from IRS, IRS was passed over a GammaBind G Sepharose matrix (Pharmacia Biotech, Alameda, Calif.). The adsorbed IgG antibodies were eluted in 500-l fractions with 0.5 M acetic acid and neutralized with 0.25 ml of 1 M Tris base. The protein concentrations of the affinity-purified anti-GlpQ antibodies and total IgG fractions were determined with the Bio-Rad protein assay (BioRad Laboratories, Hercules, Calif.).
SDS-polyacrylamide gel electrophoresis (SDS-PAGE), immunoblot analysis, and two-dimensional gel electrophoresis. Samples were boiled for 5 min in final sample buffer and subjected to electrophoresis through sodium dodecyl sulfate (SDS)-12.5% polyacrylamide gels as previously described (56) . Gels were stained with either Coomassie brilliant blue or silver or transferred electrophoretically to 0.2-m-pore-size nitrocellulose (Schleicher and Schuell, Keene, N.H.) for immunoblotting. Immunoblots were incubated with various dilutions of HSS, rabbit or rat anti-rGlpQ antisera, affinity purified anti-nGlpQ antibodies, or IRS depleted of anti-GlpQ antibodies, followed by incubation with 1:1,000 dilutions of horseradish peroxidase-conjugated goat anti-human, -rabbit, or -rat immunoglobulins (Zymed Laboratories, Inc., South San Francisco, Calif.). Blots were developed by using 4-chloro-1-naphthol as a substrate. Two-dimensional gel electrophoresis was performed according to the method of O'Farrell (43) .
Enzyme-linked immunosorbent assay. An Immulon II 96-well U-bottom plate (Dynatech, Chantilly, Va.) was coated with 25 ng of rGlpQ in 0.1 M Na 2 CO 3 buffer (pH 9.4) per well and incubated overnight at 4°C. The wells were washed four times with PBS containing 0.05% Tween 20 and blocked with PBS containing 1% bovine serum albumin (BSA) (Sigma Chemical Company, St. Louis, Mo.) for 2 h at 37°C. To the wells were added HSS, IRS, affinity purified anti-GlpQ antibodies, and IRS depleted of anti-GlpQ antibodies serially diluted in PBS containing 1% BSA plus 0.05% Tween 20. Following incubation for 1 h at 37°C, the wells were washed four times, followed by the addition of a 1:1,000 dilution of goat anti-human, goat anti-rat, or goat anti-rabbit IgG (Zymed)-horseradish peroxidase conjugate. After incubation for 1 h at 37°C, the wells were washed four times and incubated for 20 min at room temperature with TMB peroxidase substrate (Kirkegaard & Perry Laboratories, Gaithersburg, Md.). The reaction was quenched by addition of 2 N H 2 SO 4 , and the optical densities in the wells were read immediately at 450 nm.
Glycerophosphodiester phosphodiesterase assay. The enzymatic activity of rGlpQ was examined at 25°C by measuring glycerol-3-phosphate production in a coupled spectrophotometric assay performed as described by Larson et al. (37) with minor modifications. The 1-ml assay mixture contained 0.9 ml of 1 M hydrazine hydrate in 1.5% glycine buffer (pH 9.0), 0.5 mM NAD, 10 mM CaCl 2 , 20 U of glycerol-3-phosphate dehydrogenase/ml, and one of the following substrates at 0.5 mM: glycerophosphorylcholine, glycerophosphorylethanolamine, glycerophosphorylserine, or glycerophosphorylinositol (all purchased from Sigma). Glycerophosphorylcholine phosphodiesterase (Sigma catalog no. G1642) and glycerophosphorylcholine were used as a positive control. The rate of NAD reduction was measured by recording the increase in absorbance at 340 nm. One unit of phosphodiesterase activity is defined as the amount of enzyme required to hydrolyze 1 mol of glycerophosphodiester min Ϫ1 under these conditions. A molar absorbance coefficient of 6,300 M Ϫ1 cm Ϫ1 at 340 nm was used for NADH. CD spectroscopy. Circular dichroism (CD) spectra were obtained on an AVIV (Lakewood, N.J.) model 62DS spectropolarimeter with sample temperatures regulated by a Hewlett-Packard model 89100A temperature controller; measurements were taken at 25 Ϯ 0.1°C. CD spectra were obtained with 4 M samples of rGlpQ or recombinant gonococcal porin P1A (25) . CD spectroscopic analysis of rGlpQ was performed with 10 mM phosphate buffer (pH 7.3) with or without 5 mM EDTA and also with 10 mM phosphate buffer containing 0.5% SDS, 0.5% CHAPS {3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate}, or 0.6% octylglucoside. CD spectra were obtained for the recombinant gonococcal porin P1A in 10 mM phosphate buffer (pH 7.3) containing 0.6% octylglucoside. All CD spectra were baseline corrected and smoothed with software provided by AVIV Associates. The self-consistent algorithm of Sreerama and Woody (58, 59) was used to calculate the percentages of various types of secondary structures.
Triton X-114 phase partitioning. Percoll-purified T. pallidum (5 ϫ 10 9 organisms) was solubilized overnight in 1 ml of PBS containing 2% Triton X-114. The insoluble material was then removed by centrifugation for 15 min in a microcentrifuge, and the supernatant was phase separated as previously described (12, 15, 52) . rGlpQ was subjected to phase partitioning under identical conditions. The proteins in the aqueous and detergent phases were concentrated by acetone precipitation prior to SDS-PAGE.
[ 14 C]palmitate labeling of a GlpQ-PhoA fusion protein. The primers 5Ј-TCT AGTCTAGAAGAATGCTTGCGTGTGGCGAAGG-3Ј (XbaI site plus nucleotides Ϫ399 to Ϫ365) and 5Ј-GCGGGATCCGTGCTCGGGCACATATCCTG CAGC-3Ј (complementary to nucleotides 96 to 120 plus BamHI site), were used to generate a 519-bp PCR product which encoded the first 40 amino acids of GlpQ plus upstream flanking DNA (including the putative promoter). The resulting amplicon was cloned upstream from and in frame with the E. coli alkaline phosphatase gene (phoA) lacking the leader peptide by using the previously described vector pSKI/pho (1). Single colonies of E. coli DH5␣ containing the resulting plasmid (designated pGlpQ-Pho), along with control plasmids expressing PhoA fusions with the N terminus of LacZ (1) and the N terminus of Tp47 (64), were inoculated into 30-ml portions of one-half-strength Luria-Bertani broth containing ampicillin (100 g/ml) and grown to an optical density at 600 nm of 0.1. Fifteen microcuries of [U-
14 C]-palmitic acid (500 mCi/mmol; New England Nuclear, Boston, Mass.) was added to each culture. The cultures were then incubated with shaking to an optical density at 600 nm of 0.6, after which they were harvested and washed twice with PBS prior to SDS-PAGE, immunoblot analysis, and autoradiography.
Nucleotide sequence analysis. Nucleotide sequencing of the various fusion constructs was performed with an Applied Biosystems Inc. (Foster City, Calif.) model 373A automated DNA sequencer and the PRISM ready-reaction DyeDeoxy Terminator cycle sequencing kit according to the manufacturer's instructions.
Accessibility of nGlpQ to digestion with PK. The accessibility of nGlpQ to digestion with proteinase K (PK) was determined as described by Barbour et al. ) were centrifuged at 20,000 ϫ g for 15 min and resuspended in 0.1 ml of PBS containing 5 mM MgCl 2 . PK was added to a final concentration of 0.4 mg/ml, and the spirochetes were incubated at room temperature for 30 min. Proteolytic digestion was stopped by the addition of phenylmethylsulfonyl fluoride to a final concentration of 1 mg/ml. Lysates of PK-treated and untreated T. pallidum were processed for SDS-PAGE and immunoblot analysis as described above.
Localization of nGlpQ by indirect immunofluorescence of T. pallidum encapsulated in gel microdroplets. T. pallidum cell suspensions were encapsulated in gel microdroplets as previously described (21) . Encapsulated organisms were probed with specific antibodies by a three-step indirect immunofluorescence technique. Briefly, rat anti-rGlpQ serum was diluted 1:20 and added directly to small aliquots of beads (0.3 to 0.4 ml) in 1 ml of T. pallidum cultivation medium. In samples incubated with detergent, a 1% (vol/vol) Triton X-100 stock solution in PBS was added to the beads immediately after the addition of the primary antibody to produce a final concentration of 0.05% (vol/vol). Samples were incubated for 2 h with gentle mixing in a 34°C water bath. The beads were washed three times by low-speed centrifugation (100 ϫ g), resuspended in 3 ml of T. pallidum culture medium (23) , and then incubated for 1 h at 34°C with mouse anti-rat IgG. Beads were washed as described above, resuspended in 3 ml of T. pallidum culture medium, and incubated for 1 h at 34°C with 3 g of goat anti-mouse IgG coupled to R-phycoerythrin (Molecular Probes, Eugene, Oreg.). The beads were washed a final time and then viewed on glass slides with a Nikon Optiphot-2 fluorescence microscope equipped with 15ϫ oculars, a dark-field condenser, and a fluorescein filter. Samples were observed with either a 40ϫ or a 100ϫ oil immersion objective. For each condition (i.e., antibody and detergent concentration) three slides were prepared, and then approximately 100 organisms were scored for labeling (fluorescence). Statistical comparisons with the preimmune sera were performed by using a two-tailed Student t test; P values of Յ0.5 were considered significant.
Opsonophagocytosis assay for surface exposure of nGlpQ. Opsonophagocytosis assays were performed as described by Baker-Zander et al. (4) (5) (6) . Rabbit peritoneal macrophages were elicited by intraperitoneal injection of 10 ml of 15% sterile Proteose Peptone no. 3 (Difco Laboratories, Detroit, Mich.). Cells were harvested at 3 to 5 days postinjection by peritoneal lavage with FA buffer (Difco) containing 10 U of heparin (Sigma) per ml, centrifuged at 900 ϫ g for 10 min, and resuspended in M199 supplemented with 20% HIFBS (Mediatech), 100 U of penicillin/ml, and 100 g of streptomycin/ml (M199-complete). They then were counted with a hemacytometer and dispensed into 24-well cluster tissue culture plates containing 12-mm-diameter microscope coverslips (catalog no. 12-545-82; Fisher Scientific, Pittsburgh, Pa.) at a density of 5 ϫ 10 5 cells/ml. After incubation for 2 h at 37°C, nonadherent cells were removed by washing the adherent monolayers twice with M199-complete. The cells were maintained overnight at 37°C in a reduced-oxygen atmosphere containing 3% O 2 and 5% CO 2 . The following day, the adherent macrophages were washed twice with gassed M199-complete. The cells were then incubated for 4 h at 37°C in a reduced-oxygen atmosphere (3% O 2 and 5% CO 2 ) with T. pallidum (10 organisms per macrophage) in the presence of 20% HIFBS plus 10% heat-inactivated (56°C for 30 min) NRS, IRS, rabbit anti-rGlpQ, rabbit anti-TpEf, or rabbit anti-Tp47. In separate reconstitution experiments, the opsonic activities of affinity-purified antiGlpQ antibodies, IgG antibodies from IRS, and IRS depleted of either anti-GlpQ or total IgG antibodies were evaluated. The affinity-purified antibodies were added to the wells in amounts equivalent to those recovered from 100 l of IRS. Following incubation with T. pallidum, coverslips were washed twice with serum-free M199 medium and fixed for 15 min in 95% ethanol. Fixed cells on coverslips were rehydrated with PBS containing 1% BSA for 10 min at room temperature or stored overnight at 4°C.
To visualize T. pallidum, the cells were blocked for 30 min at room temperature with CMRL medium containing 10% HIFBS and then incubated for 1 h at room temperature with HSS diluted 1:100 in CMRL plus 10% HIFBS. Coverslips were washed three times with FA buffer and blocked for 30 min at room temperature with CMRL plus 10% HIFBS. After blocking, cells were incubated for 30 min at room temperature with goat anti-human IgG conjugated to fluorescein isothiocyanate (Zymed) diluted 1:1,000 in CMRL plus 10% HIFBS. Following incubation, coverslips were washed three times with FA buffer and once with distilled H 2 O, allowed to air dry, and inverted on microscope slides with fluorescence mounting medium. Cell monolayers were examined with an Olympus BH2-RFCA fluorescence microscope equipped with 10ϫ oculars, a dark-field condenser, and a fluorescein filter. Samples were observed with a DPLANApo 40ϫ UV objective. Duplicate specimens were prepared for each test serum, and approximately 100 macrophages in each of two randomly chosen fields were counted for each coverslip. Coverslips were scored in a blinded fashion, and data are expressed as the mean percentage of cells with labeled inclusion bodies (internalized T. pallidum). Statistical comparisons between groups were made by using a two-tailed Student t test, with P values of Յ0.05 considered to be statistically significant. In some instances, the association of fluorescently labeled treponemes with macrophages was examined by confocal laser microscopy with an MRC-1024 laser confocal imaging system (Bio-Rad). Specimens were imaged by using 10ϫ oculars with a 63ϫ objective and 4ϫ zoom. A series of 10 to 15 optical sections (0.5 m) through the macrophages were collected digitally with a resolution of 0.076 m per pixel.
Intradermal challenge of rabbits immunized with rGlpQ. In the first challenge experiment, two rabbits were immunized with rGlpQ as described above. Ten days after the second boost, the rGlpQ-immunized and two serologically nonreactive control rabbits were challenged with 10 4 virulent T. pallidum organisms by intradermal injection on their shaved backs at each of six sites. In a second challenge experiment, rabbits (four animals/group) were immunized with rGlpQ or sham immunized. Ten days after the second boost, they were challenged with 10 3 virulent T. pallidum organisms by intradermal injection on their shaved backs at each of six sites. In both experiments animals were examined daily to monitor the development, morphologic appearance, and progression of lesions. Lesions were scored on the basis of erythema, induration, and ulceration. Additionally, photographs were taken of the lesions to document the extent of the reaction to challenge. At 17 days postchallenge, two lesions from each rabbit were injected with 100 l of PBS, which was then aspirated for dark-field microscopy.
Radiolabeling of isolated T. pallidum outer membranes with ([ 125 I]TID). Outer membranes isolated from 10 10 T. pallidum organisms as previously described (54) 
RESULTS AND DISCUSSION
The T. pallidum GlpQ ortholog is a lipoprotein. We originally identified the T. pallidum GlpQ ortholog in OM fractions as a protein of approximately 38 kDa (by SDS-PAGE) whose N terminus was blocked to automated Edman degradation (56) . Nucleotide sequence analysis of the cloned glpQ gene provided a potential explanation for this result; the encoded polypeptide possesses a 20-amino-acid signal peptide terminated by a putative lipoprotein processing and modification site (L-V-A-G-C) (32, 56, 60) . We began the present study by conducting in vivo radiolabeling experiments with [ 14 C]palmitate to confirm that the protein is indeed lipid modified. Although such studies are ideally performed with T. pallidum, radiolabeling of treponemal lipoproteins is complicated by the spirochete's extremely slow rate of protein turnover (17) . Consequently, here, as in previous studies (1, 2, 45, 48), we exploited the fact that lipid modification and processing signals are highly conserved among eubacteria (47) and used E. coli as a T. pallidum surrogate for labeling experiments. PhoA fusions are particularly advantageous for experiments of this type because they tend to be well expressed in E. coli without toxicity, and they can be distinguished easily from the large majority of native E. coli lipoproteins, which migrate by SDS-PAGE with apparent molecular masses of well below 30 kDa (the PhoA reporter has a molecular mass of 46.6 kDa) (1, 45) . As shown in Fig. 1 (lane  3) , a 49.5-kDa chimera in which the GlpQ ortholog's first 40 amino acids were fused to an unexported PhoA reporter was strongly radiolabeled with [ 14 C]palmitate. PhoA fusions with Tp47 (64) and LacZ (1) served as positive and negative controls (Fig. 1, lanes 1 and 2, respectively) . Although these results do not prove unequivocally that the native form of the protein is similarly lipidated, we are unaware of any instances in which spirochetal proteins were shown to be lipidated in E. coli but not in T. pallidum.
General membrane topology of the native GlpQ ortholog. We next used Triton X-114 phase partitioning (12, 15) to assess the contribution of acylation to the amphiphilicity of nGlpQ; this method also served as a convenient starting point for efforts to determine the protein's cellular location. Percollpurified T. pallidum, solubilized in 2% Triton X-114 at 4°C, was phase partitioned, and the resulting fractions were immunoblotted against pooled HSS or rat anti-rGlpQ antiserum. As previously reported (52), the major lipoprotein immunogens recognized by HSS are approximately equally distributed between the detergent-enriched phase and the Triton X-114-insoluble material, which contains the peptidoglycan sacculus (53) . An identical immunoblot probed with the anti-rGlpQ antiserum revealed that nGlpQ was similarly distributed among the three fractions (Fig. 2B) ; we interpret these results as indicating that a substantial portion of nGlpQ is intracellular, most likely associated with the peptidoglycan-CM sacculus or its constituents. In contrast to its native counterpart, rGlpQ partitioned exclusively into the aqueous phase (Fig. 2C) . Thus, as with other treponemal lipoproteins (50), the amphiphilicity of nGlpQ is not an intrinsic property of the polypeptide but rather is due to lipid modification. This result also is in accord with the prediction by hydropathy analysis that the GlpQ protein is extremely hydrophilic (56) .
Evidence that nGlpQ is not surface exposed. Spirochetal lipoproteins consist of hydrophilic polypeptides which are lipid anchored to membranes; because the protein components are extrinsic to the lipid bilayer, they do not form particles when membranes are subjected to freeze-fracture analysis (35, 51) . Thus, even if it is OM associated, it is unlikely that nGlpQ would be among the rare proteins visualized in freeze-fractured T. pallidum OMs (49, 50, 62) . On the other hand, the studies thus far did not exclude the possibility that some nGlpQ is exposed on the T. pallidum surface in a manner analogous to the outer surface lipoproteins of the Lyme disease spirochete Borrelia burgdorferi (7, 51) . In fact, B. burgdorferi is a particularly important precedent for the studies here, because prior work has shown that portions of at least three borrelial outer surface lipoproteins are CM anchored in addition to being exposed on the bacterial surface (20) . In addressing this issue experimentally, it should be noted that surface localization studies of T. pallidum are complicated by a number of factors, most notably the lability of the treponemal OM and the lack of antibodies against authentic OM proteins to serve as positive controls (50) . In light of these caveats and the fact that biological and microscopy-based assays for surface localization of treponemal antigens have not always correlated (50), we used multiple approaches to determine whether nGlpQ can be detected on the T. pallidum surface.
(i) Initially, we examined the accessibility of nGlpQ to digestion with 0.4 mg of PK per ml, a method which has often been used to identify surface-exposed antigens of B. burgdorferi (9, 42, 46) . Consistent with the contention that T. pallidum has a paucity of surface-exposed proteins (22, 49, 50) , only minor differences, none of which were in the molecular weight range of nGlpQ, in the polypeptide profiles of treponemes incubated with or without PK were observed (Fig. 3A) . The most obvious difference, the absence of the albumin band in the PK-treated organisms, confirmed that the spirochetes were exposed to active enzyme. Immunoblot analysis of the same samples did not reveal any obvious difference in the amounts of nGlpQ (Fig. 3B) . The surface specificity of the enzyme treatment was confirmed by the observation that PK-treated and untreated organisms contained similar amounts of the periplasmic markers Tp47 and TpEf (Fig. 3B) .
(ii) A second strategy involved immunofluorescence analysis of spirochetes encapsulated in agarose beads (gel microdroplets) (20, 21) . This method preserves the integrity of fragile T. pallidum OMs during immunolabeling studies but also enables the detection of intracellular antigens when organisms are incubated with antibodies in the presence of a concentration of Triton X-100 sufficient to permeabilize the OM (Ͼ0.03%). The bar graphs in Fig. 4A depict the combined results of three independent experiments. Intact spirochetes did not fluoresce following incubation with an extremely low (1:20) dilution of rat anti-rGlpQ antiserum. In separate immunoblot experiments, this antiserum was capable of detecting nGlpQ in whole-cell lysates at titers of greater than 1:10,000 (data not shown). By contrast, nearly 100% of the organisms were labeled with this same antiserum when the OMs were permeabilized with 0.05% Triton X-100. Virtually identical results were obtained when the encapsulated organisms were incubated with anti-TpEf in the absence or presence of detergent. Qualitative differences in immunolabeling, on the other hand, were observed with the anti-rGlpQ and anti-TpEf antisera. In addition to being consistently less intense, the antirGlpQ antibodies produced a beaded labeling pattern as opposed to the more uniform labeling produced by anti-TpEf antibodies (Fig. 4B) .
(iii) Stebeck and coworkers (60) identified GlpQ as a potential opsonic target for T. pallidum by differentially screening a genomic expression library with opsonic and nonopsonic IRS. Although they did not directly determine whether antiGlpQ antibodies promote phagocytosis of motile treponemes in their original communication, more recently this same group reported that antibodies against rGlpQ were not opsonic (16). Here we also undertook a comprehensive examination of the T. pallidum opsonic activity of anti-GlpQ antibodies. In comparison with NRS, anti-TpEf, and anti-Tp47 negative controls, IRS significantly enhanced phagocytosis of motile treponemes, as previously reported (4) (5) (6) 38) ; no enhancement, on the other hand, was observed with anti-rGlpQ antiserum (Fig. 5A) . To rule out the possibility that the anti-GlpQ antibodies in IRS and the anti-rGlpQ antisera are qualitatively different with respect to opsonic activity, the assays were repeated with IRS from which anti-GlpQ antibodies had been adsorbed. Preliminary immunoblot and enzyme-linked immunosorbent assay studies confirmed that the adsorbed IRS contained only trace amounts of anti-GlpQ antibodies (data not shown). In three independent experiments, no significant differences in the op- (Fig. 5B) . The affinity-purified anti-GlpQ antibodies by themselves also failed to enhance opsonic activity (Fig. 5B) . We also considered the possibility that the trace amounts of residual anti-GlpQ antibodies in the adsorbed IRS were still capable of contributing to its opsonic activity. This possibility was excluded by observing that serial dilutions of IRS and IRS lacking anti-GlpQ antibodies of as high as 1:1,000 possessed essentially identical opsonic activities (Fig. 5C ). As an additional control for these adsorption experiments, we also investigated the opsonic activity of IRS depleted of total IgG. In contrast to the results obtained when the IRS was depleted of anti-GlpQ antibodies, IgG adsorption markedly diminished the serum's opsonic activity, as previously noted (5), and this activity was fully restored when the IgG antibodies were added back to the adsorbed serum (Fig. 5B) .
As a sidelight to the present study, we noted an intriguing dichotomy when macrophages incubated with treponemes with or without opsonic antibodies were examined by confocal laser microscopy. Opsonized treponemes were visualized almost exclusively as intracellular inclusions (Fig. 6B) , representing degraded organisms within lysosomal vacuoles (38) , whereas nonopsonized treponemes were visualized as intact organisms bound to macrophage surfaces (Fig. 6A, C, and D) . Even in the absence of opsonizing antibodies, therefore, macrophages appear to express receptors for surface-exposed treponemal ligands. Unlike antibody-Fc receptor interactions, however, these receptor-ligand interactions fail to trigger signaling pathways which promote bacterial uptake. This observation underscores the notion that T. pallidum is an extracellular pathogen with little proclivity for taking up residence within phagocytic cells and emphasizes as well the treponeme's innate ability to avoid uptake and killing by macrophages.
(iv) Finally, we investigated whether immunization with rGlpQ alters the course of infection in the rabbit model of experimental syphilis. Consistent with the above-described assays demonstrating a lack of surface exposure for nGlpQ, in two separate experiments involving a total of 12 rabbits, no differences in the time course of lesion development and resolution, in gross lesion appearance, or in the presence of treponemes in lesion aspirates from GlpQ-immunized and control animals were observed (Fig. 7) . This finding is in contrast to the recent demonstration by Cameron et al. (16) of attenuated lesion development when rGlpQ immunized rabbits were intradermally challenged at each of six sites with 10 3 treponemes. This modest degree of protective immunity probably reflects differences in immunization protocols. It is also important to note that comparable levels of partial protection have previously been observed following immunization with T. pallidum proteins which are known to be intracellular (13, 18, 65) , most likely reflecting a cellular component in the protective immune response.
CD spectroscopic analysis of rGlpQ secondary structure. Although the simplest interpretation of the above results was that nGlpQ is not surface exposed, they also could have reflected a lack of antibodies against conformational, surfaceexposed epitopes in the anti-rGlpQ antisera. Arguing against this was the observation from the immunofluorescence studies that the antisera recognized native antigen in organisms whose OMs were disrupted by mild detergent treatment. Nevertheless, it was clearly desirable to learn more about the recombinant protein's conformational state. Our initial efforts along these lines were unsuccessful in that we were unable to detect significant enzymatic activity in either recombinant E. coli whole-cell lysates or the purified polypeptide by using a variety of substrates. We then turned to CD spectroscopy as an alternative means of examining the recombinant protein's secondary structure. Consistent with the secondary structures predicted by both the Chou-Fasman (19) and Robson-Garnier (28) algorithms (data not shown), the molar ellipticity values in the far-UV region (195 to 260 nm) indicated that rGlpQ was predominantly ␣-helical. Equally important was the absence of discernible evidence for denaturation (Table 1) ; admittedly, we cannot rule out that more subtle structural abnormalities resulted in the loss of enzymatic activity. As a control, we also examined the CD spectrum of recombinant porin P1A from Neisseria gonorrhoeae (3) . As previously reported (3), the gonococcal porin contains the relatively high degree of ␤-sheet structure typical of a gram-negative bacterial outer membrane protein (Table 1) (41) .
Radiolabeling of isolated T. pallidum OMs with ([ 125 I]TID).
Even with the above-described findings, it was still possible that at least some nGlpQ was anchored via its N-terminal lipids to the inner leaflet of the OM, similar to the case for murein lipoprotein of E. coli (47) . In fact, this orientation could explain how the protein could be present in isolated OMs but not surface exposed in intact treponemes. To address this final question, we incubated isolated OMs with the photoactivatable probe [
125 I]TID, an extremely lipophilic reagent which promiscuously labels proteins and lipids within the hydrophobic interiors of membranes (14, 33, 36) . Labeling with this reagent would indicate that the protein was physically integrated into the OM bilayer rather than just peripherally associated with it. As shown in Fig. 8 , a single 30.5-kDa polypeptide (designated p30.5 [gene TP0453] [27] ) was radiolabeled when isolated OMs were incubated with the photoactivatable cross-linker. Two-dimensional gel electrophoresis confirmed that this was the same protein as was recently identified in T. pallidum whole cells incubated with this probe (3). Two findings argue against the concern that this method may not be sensitive enough to label low-abundance and/or lipid-anchored integral OM proteins: (i) p30.5 is considerably less abundant than nGlpQ (Fig. 8) , and (ii) we recently have found that p30.5 also is a lipoprotein (57) . Furthermore, Everett and Hatch (26) showed with Chlamydia trachomatis that [
125 I]TID is capable of labeling bacterial OM lipoproteins. Finally, we also considered the unlikely possibility that nGlpQ detached from OMs during the fractionation process. This was excluded by the finding that p30.5 was the only protein labeled when motile treponemes were incubated with [ 125 I]TID prior to OM isolation (data not shown).
Final topological assignment and conclusion. The many difficulties inherent in the molecular characterization of T. pallidum OM proteins (50) have spawned a variety of experimental approaches for accomplishing this important but elusive objective (10, 11, 31, 54, 60) . In this regard, it is striking that two dissimilar strategies, OM isolation (54) and differential genomic library screening to identify potential T. pallidum opsonic targets (60) , yielded the same candidate OM protein, nGlpQ. Nevertheless, the studies here present a substantial and consistent body of evidence that nGlpQ is a periplasmic protein anchored a Percentages were determined from the molar ellipticities calculated from the CD spectra with the self-consistent algorithm of Sreerama and Woody (58, 59 ).
predominantly, if not exclusively, to the CM, thereby accounting for its inability to induce a strongly protective immune response. Although Cameron et al. (16) disagree with this conclusion, it is consistent with their inability to detect opsonic activity in anti-GlpQ antisera as well as their difficulty in obtaining additional evidence for surface localization by other approaches, such as the gel microdroplet assay. This assignment also agrees with the presumptive physiological role of GlpQ in phospholipid metabolism and the fact that it appears to be transcriptionally, and perhaps physiologically, linked with the gene encoding phosphotidylglycerophosphate synthase, a polytopic CM protein which mediates a key step in phospholipid synthesis (27, 56) . With this topology one can envision two potential explanations for the protein's presence as a contaminant in OM fractions (56) or its removal with OMs during extensive washing of treponemes (16) . The first is that one or more domains of the nGlpQ polypeptide stably associate with the OM's periplasmic leaflet. The second is that a portion of the protein dissociates from the peptidoglycan-CM complex during the isolation procedure and becomes trapped within OM vesicles. While these are not easily distinguished, we believethattherelativelylowconcentrationofTritonX-100need-ed for complete immunolabeling of nGlpQ favors the former.
Two other outcomes of this study are noteworthy. The first concerns the parallels between nGlpQ and another lipoprotein immunogen, Tpp17. Both subsurface antigens are antibody accessible at relatively low detergent concentrations, and both produce beaded labeling patterns when lightly detergent-treated treponemes are incubated with specific antibodies (21) . The latter suggests that both proteins are nonuniformly distributed along the protoplasmic cylinder. Additionally, both proteins are major constituents in isolated OMs. Based upon its relative abundance in their OM preparations, Blanco and coworkers (11) proposed that Tpp17 is lipid anchored to the OM inner leaflet. As with nGlpQ, the [ 125 I]TID labeling results, coupled with earlier results from gel microdroplet studies (21) , argue against this topology. The second noteworthy outcome concerns the observation that the p30.5 lipoprotein was the only protein identified when isolated OMs or intact treponemes were subjected to radiolabeling with [ 125 I]TID. Several years ago, we proposed a model for T. pallidum molecular architecture in which lipoproteins are exclusively CM anchored (22) . Although its precise topology remains to be determined, the current data indicate that p30.5 is likely to be an exception to this generalization.
